(Received 6 January 2014; revised manuscript received 10 February 2014; published 28 February 2014) The cross section of the 62 Ni(n,γ ) reaction was measured with the time-of-flight technique at the neutron time-of-flight facility n_TOF at CERN. Capture kernels of 42 resonances were analyzed up to 200 keV neutron energy and Maxwellian averaged cross sections (MACS) from kT = 5-100 keV were calculated. With a total uncertainty of 4.5%, the stellar cross section is in excellent agreement with the the KADoNiS compilation at kT = 30 keV, while being systematically lower up to a factor of 1.6 at higher stellar temperatures. The cross section of the 63 Ni(n,γ ) reaction was measured for the first time at n_TOF. We determined unresolved cross sections from 10 to 270 keV with a systematic uncertainty of 17%. These results provide fundamental constraints on s-process production of heavier species, especially the production of Cu in massive stars, which serve as the dominant source of Cu in the solar system. 
I. MOTIVATION
The astrophysical slow neutron capture process (s process) in stars produces about half of the elemental abundances between Fe and Bi. The s process is attributed to environments of neutron densities of typically 10 6 -10 12 cm −3 , resulting in neutron capture time scales of the order of years. When an unstable nucleus is produced by neutron capture, β decays are usually faster than subsequent neutron capture, so the reaction path follows the valley of stability. The s process takes place in different stellar sites. In particular, the s-process abundances in the solar system are made by contributions from different generations of stars, resulting in three major components, a main, a weak, and a strong component (see, e.g., [1] ). The main component dominates in the s contributions between Zr and the Pb region and is mainly associated with thermally pulsing asymptotic giant branch (AGB) stars of 1-3 M with an initial metal content close to solar [2] . During the AGB phase, He burning takes place in a shell surrounding the inert C/O core of the star. Thermal pulses are caused by He shell flashes which occur because He burning cannot sustain hydrostatic equilibrium within a thin shell. As a consequence of the mixing processes and the temperature peaks induced by the thermonuclear flashes, neutrons are released in 13 C(α,n) and the 22 Ne(α,n) reactions, respectively [3] . The strong component also originates in AGB stars but with much lower metallicities than solar [4] . It is responsible for about half of the solar 208 Pb abundances and for the full s-process contribution to Bi. The weak s process takes place in massive stars (>8M ) which later explode as supernova (e.g., [5] ), and is producing most of the s abundances in the mass region between Fe and Zr [6] [7] [8] [9] [10] . In these stars, neutrons are mostly produced at the end of convective He Core burning and during the later convective carbon shell burning phase via 22 Ne(α,n) reactions. The resulting s-process abundances N s depend strongly on cross sections averaged over the stellar neutron spectrum. These Maxwellian averaged cross sections (MACS) are defined as
where k B is the Boltzmann constant, T the stellar temperature, and σ (E) the cross section as a function of energy E. The temperatures in s-process environments range from 0.09 to 1 GK (GigaKelvin), corresponding to kT values between 5 and 90 keV. For an accurate determination of MACSs, σ (E) should be known up to a few hundred keV. Accurate cross sections are particularly important between Fe and Zr and for the light neutron poisons. The uncertainty of a single cross section may be propagated to the abundances of the following isotopes on the s-process path, or over the complete s-process distribution in the case of neutron poisons (see, e.g., [11] ). This propagation effect is a peculiar feature of the the weak s process [12, 13] . To have accurate s-process abundances N s derived from precise neutron capture measurements is also of great importance for r-process studies because solar r-process abundances N r are computed as residuals of the total solar abundances N after subtracting N s :
Because current stellar cross sections in the Fe/Ni mass region exhibit fairly large uncertainties, a campaign was started at the neutron time of flight facility n_TOF at CERN to measure the neutron capture cross sections of all stable isotopes of Fe and Ni with improved accuracy. Additionally, the (n,γ ) cross section of the long-lived radionuclide 63 Ni (t 1/2 = 101.2 ± 1.5 yr [14] ) was studied at n_TOF [15] . This paper describes the measurement and data analysis of the (n,γ ) experiments on 62 Ni and 63 Ni. Current data on 62 Ni(n,γ ) include time-of-flight measurements [16] [17] [18] [19] as well as activation measurements to directly determine the MACS at kT = 25 keV [20] [21] [22] . Neutron capture resonances have been analyzed over a large energy range (E n < 200 keV) by Beer and Spencer [17] , while there are a few other measurements investigating only the first strong = 0 resonance at 4.6 keV [23] [24] [25] . Different results for this first s-wave resonance ( = 0) lead to severe differences in the low neutron energy part of evaluated cross sections, listed in libraries such as ENDF/B-VII.1 [26] , JENDL-4.0 [27] , and JEFF-3.1.1 [28] . The n_TOF data allowed us to determine resonance capture kernels up to 200 keV neutron energy; Maxwellian averaged cross sections were determined from kT = 5 to 100 keV with uncertainties between 4.5 and 10.4%.
We also measured the 63 Ni(n,γ ) cross section above thermal neutron energies (25 meV) . Results for the resonance capture kernels and Maxwellian averaged cross sections are already published in [15] . In this paper, we present results of the unresolved capture cross section between 10 and 270 keV.
II. MEASUREMENT

A. Facility
The measurements were performed at the neutron timeof-flight facility n_TOF (Phase2) at CERN. At n_TOF, a highly intense, pulsed neutron beam is produced by spallation reactions of a pulsed 20-GeV proton beam from the CERN Proton Synchrotron on a massive lead target. The initially very energetic neutrons are moderated by a water layer surrounding the spallation target. The resulting neutron flux approximates an energy dependence proportional to 1/E n and ranges from thermal (25 meV) up to a few GeV. Because of the long flight path of 185 m and a pulse width of 7 ns, a high resolution in neutron energy of E/E ≈ 3 × 10 −4 and E/E ≈ 5 × 10
can be achieved at 1 eV, and at 1 MeV, respectively [29] . For a detailed description of the n_TOF facility, see Ref. [29] . 
B. Detection setup
The prompt γ -ray cascade that is emitted after each neutron capture event was detected using a pair of C 6 D 6 scintillation detectors where the housing was made of carbon fiber [30] to reduce their sensitivity to neutrons to the minimum possible value. This feature is important because neutrons scattered from the sample can be captured in the detector material and produce γ rays which are not distinguishable from neutron capture in the sample of interest. The C 6 D 6 detector system is installed perpendicular to the neutron beam and about 9 cm upstream from the capture sample. In this configuration, background from in-beam photons, produced at the spallation target and scattered by the sample, is minimized. Additionally, angular distribution effects of γ rays from > 0 resonances can be neglected in this position. The C 6 D 6 detectors were calibrated at 0.662, 0.898, 1.836, and 4.44 MeV using standard 137 Cs, 88 Y, and AmBe γ sources. Calibration runs were repeated every week during the measurement to monitor the detector stability. The data acquisition system records the full pulse shape using Flash ADCs at a sampling rate of 500 MHz, corresponding to a time resolution of 2 ns. A trigger signal from the Proton Synchrotron, shortly before the proton bunch hits the neutron target, starts the data acquisition. Data are recorded for 16 ms in the 8 MB on-board buffer memory of the digitizers, covering the neutron energy range down to 0.7 eV. In the second campaign, the data acquisition system was adjusted to a recording time of 80 ms, thus extending the minimum measurable neutron energy to 27 meV.
C. Samples
The 62 Ni sample consisted of 2 g metal powder, which was pressed into a stable pellet 20 mm in diameter and about 1 mm in thickness. The 63 Ni sample was produced about 30 years ago by breeding a highly enriched 62 Ni sample in the ILL high flux reactor at Grenoble [31] [32] [33] . A first analysis of this material confirmed that it was free of any detectable impurities apart from the ingrown Cu component. After a chemical separation of the Cu, the remaining Ni fraction was converted into NiO grains typically 1-2 mm in size and with a total mass of 1156 mg. Finally, the grains were sealed in a light cylindrical container made from polyether-ether-ketone ([C 20 H 12 O 3 ] n , PEEK, wall thickness 0.15 mm), with a total weight of 180 mg. Mass spectroscopic analysis of the sample yielded a 63 Ni to 62 Ni ratio of 0.123 ± 0.001. This sample was used for measuring the 63 Ni(n,γ ) cross section [15] and for fitting the first large 62 Ni(n,γ ) resonance at 4.6 keV because of its smaller thickness (see Sec. IV A 1 for details). Additionally to the Ni samples, a Au sample of the same geometry as the Ni samples was used to normalize the cross section. A summary of the samples is shown in Table I .
III. DATA ANALYSIS
A. Determination of the capture yield
All time-of-flight spectra were corrected for dead-time effects, which never exceeded 1%. The count rate C measured in a capture experiment is related to the capture yield Y c via
with φ n (E n ) being the number of neutrons hitting the sample, ε c the detection efficiency for capture events, and B(E n ) the background reactions. To obtain the detection efficiency which is independent of the de-excitation path of the compound nucleus, we applied the pulse height weighting technique [34] . Usually, the detection efficiency for a single γ ray depends strongly on its energy, but by subjecting a pulse height dependent weight to each recorded signal, one can achieve a 
which is a linear function of the excitation energy E * of the compound nucleus, regardless of the decay pattern of the capture cascade. The excitation energy E * is the sum of the reaction Q value (6.84 and 9.66 MeV for 62 Ni and 63 Ni, respectively) and the neutron energy in the center-of-mass system. The weights can be parametrized with a polynomial function of the energy deposited in the detector. Weighting functions were determined by simulating the detector response to monoenergetic γ rays using GEANT-4 [35] , implementing a detailed geometry of the experimental setup.
After weighting, the capture yield Y c can be calculated as
where C w is the weighted count rate, B w the weighted background, N a normalization factor, and φ n the neutron flux incident on the sample. We used a neutron flux evaluated using long-term measurements with several detectors and Monte Carlo simulations [36] . The uncertainty in the neutron flux is 2% below 10 keV and above 100 keV, and 4%-5% between 10 and 100 keV neutron energy. To obtain the absolute capture yield, the absolute detection efficiency, and the fraction of the neutron flux incident on the sample (beam interception factor) need to be known. After applying weighting functions, the efficiency to detect a capture event for each isotope only depends on the excitation energy of the compound nucleus. The systematic uncertainty in the capture yield ascribed to the pulse height weighting technique is 2% [37] . The normalization factor for obtaining the absolute detection efficiency N is then the same for all measured isotopes after scaling the weighted counts with the excitation energy E * . The beam interception, together with the normalization factor N was determined with the saturated resonance technique at the E n = 4.9 eV resonance in Au, using an Au sample of the same diameter as the Ni samples. If the Au sample is chosen sufficiently thick, no neutrons are transmitted through the sample at the resonance energy. Because the capture width γ is bigger than the neutron width n for this resonance, almost all neutrons interacting with the sample get captured. It was demonstrated in Ref. [38] that a normalization obtained from this saturated resonance in Au is nearly independent of even large changes in the resonance parameters.
Because the neutron beam profile changes with neutron energy, the beam interception factor depends slightly on neutron energy as well. This effect was determined by Monte Carlo simulations [29] . In the investigated neutron energy range the beam interception factor never changed by more than ±1.5% compared to the value at 4.9 eV. We estimated the systematic uncertainty of the final cross section from the normalization N and the beam interception, including a possible misalignment of the sample which would affect the energy dependence of the beam interception, as 1%. The resulting total systematic uncertainty for determining the absolute capture yield is consequently 3% up to 10 keV and from 100 to 200 keV, and 5.5% from 10 to 100 keV neutron energy.
The effective neutron flight path, and thus the neutron energy calibration, was determined relative to low energy resonances in Au, which have been recently measured at the time-of-flight facility GELINA with high precision [39] .
B. Backgrounds
The background for capture measurements at n_TOF consists of a number of different components.
Ambient background is coming from cosmic rays, natural radioactivity, and a possible radioactivity of the sample itself. This background is determined by runs without neutron beam.
Sample-independent background, from reactions of the neutron beam with any structure material, is determined in runs with an empty sample holder.
Sample-dependent background consists of two components. Neutrons, scattered from the sample into the experimental area where they are captured, and photons, which are produced at the spallation target and are scattered from the sample into the detector. The latter background, called in-beam γ background, appears at neutron energies between 10 and 300 keV. It stems mainly from neutron capture on the hydrogen of the moderator and could be significantly improved in the second campaign by using borated water as moderator. This improvement is demonstrated in Fig. 1 , which shows a comparison of the 62 Ni capture yields from both campaigns, using water in the first, and borated water in the second campaign.
Sample-dependent backgrounds can be investigated using black resonance filters installed about halfway between the spallation target and the sample. These filters are sufficiently thick that the neutron spectrum is left void of neutrons at the energies of certain strong resonances. Accordingly, events in these energy windows are from background reactions. We checked this background for neutron energies below 1 keV by comparing sample spectra with filters with the spectrum of the empty sample holder with filters and found no indication for such a sample related background. For higher neutron energies, this comparison was not possible because of lack of statistics. Because this background, however, is varying smoothly with neutron energy, it can be assumed as being constant over the width of the resonance and therefore be fitted while fitting the resonance shape. This approach could be cross checked by analyzing the 62 Ni data from two different campaigns, each having different backgrounds (for the second campaign borated water was used as moderator, reducing the photon background). The capture kernels of 62 Ni resonances mostly agreed within statistical uncertainties for both campaigns. For the few exceptions, the standard deviation of the two fits was used as uncertainty of the capture kernel.
Multiple scattering (MS) is a background that arises when a neutron is captured in the sample after it had been scattered within the sample itself. This background can be large in resonances with high scattering-to-capture ratios and depends also strongly on the sample geometry. The MS corrections are considered by the SAMMY code [40] , which was used for analyzing the neutron resonances in 62 Ni. For the unresolved cross section of 63 Ni no such corrections could be applied because of the unknown scattering cross section. However, the effect is small because the 63 Ni sample was relatively thin. A possible overestimation of the cross section from this effect is included in the systematic uncertainty of the cross section.
A further sample related background consists of γ rays originating from inelastic scattering of neutrons. This background can be neglected in this measurement because the first excited state in 62 Ni and the first excited state above the detector threshold of 250 keV in 63 Ni are above 0.5 MeV. In both cases population of those levels was not possible in the investigated neutron energy range [41] .
The capture yields of 62 Ni and 63 Ni together with the ambient and sample-independent background components are shown in Figs. 2 and 3 , respectively.
IV. RESULTS ON
62 Ni(n,γ )
A. Resonance analysis
Neutron resonances up to about 200 keV neutron energy were identified and analyzed using the multilevel R-matrix code SAMMY [40] . The fitting procedure applied in SAMMY to find the "best fit" values of parameters and the associated parameter covariance matrix is based on the Bayes' theorem. The resonance shapes were fitted using the Reich-Moore approximation, including corrections for self-shielding, multiple scattering, and impurities in the sample, which were mainly other Ni isotopes. Experimental effects, such as Doppler broadening and the resolution of the capture setup, were taken into account. Because the measured resonance widths were in most cases larger than the natural widths due to broadening, only the capture kernel could be determined. It is related to the resonance area via
025810-5 where λ denotes the de Broglie wavelength at the resonance energy, and n , γ the neutron and capture widths of the resonance. The statistical spin factor g s = (2J + 1)/(2s + 1) (2I + 1) is determined by the resonance spin J , the neutron spin s = 1/2, and the spin I of the target nucleus. The results obtained from the SAMMY fits with their statistical uncertainties are listed in Table II Fig. 4 . Table II lists the combined result and propagated statistical uncertainties of both measurement campaigns. The systematic uncertainties from the pulse height weighting (2%), the normalization (1%), and the neutron flux shape (2%-5%) are not included in Table II . This leads to a total systematic uncertainty in the capture kernel of 3% for resonances up to 10 keV and from 100-200 keV, and 5.5% for resonances from 10 to 100 keV.
Resonance at E R = 4.6 keV
The shape of the neutron resonance at E R = 4.6 keV is highly affected by background from multiple scattering, because of its very high scattering-to-capture ratio of ≈800. It was found impossible to fit this resonance with the relatively thick 62 Ni sample, therefore data measured with the thinner 63 Ni sample, where multiple scattering is less important, were used to analyze this resonance. Because the estimated multiple scattering background varies with the neutron width n , the resonance was fitted while keeping n constant. The resonance was assigned as = 0 because of its shape. Using two previously measured values for the neutron width, n = 1.822 keV [25] and n = 2.075 keV [24] , γ values of 2.4 and 2.7 meV were obtained in the SAMMY fits, respectively. A resonance fit was not possible using a third experimental value for n of 1.3 keV [42] . Because this resonance is an s wave, the two possible options for the fit yield different contributions to the cross section at lower energies. In fact, the thermal cross section obtained with the two choices is 16.2 barn for γ = 2.7 meV, but only 12.8 barn for γ = 2.4 meV. Previous measurements of the thermal cross section result in reported values between 14.0 and 21 barn [43] [44] [45] [46] [47] [48] [49] [50] , with the majority of values grouped around 14.5 barn [43, 45, 46, 48, 49] . Because of this large spread, these previous measurements cannot give us a hint on the correct γ value. A new measurement of this resonance using a much thinner sample would be desirable in the future, especially because this resonance contributes about 50% to the Maxwellian averaged cross section (MACS) at kT = 30 keV.
Level spacing
It is expected that the average level density of the compound nucleus is constant over the investigated energy range. Figure 5 shows that the accumulated number of observed levels as a function of neutron energy follows the expected linear behavior up to about 80 keV. The increasing number of missing levels is due to the weakening signal-to-background ratio combined with the decreasing energy resolution of the n_TOF setup. We find an average level spacing of roughly 28 keV for s-wave resonances and 3.4 keV for > 0 resonances. The consequences of missing resonances for the Maxwellian averaged cross sections are discussed in Sec. IV B.
B. Maxwellian averaged cross sections
We calculated Maxwellian averaged cross section from kT = 5-100 keV using the resonance parameters obtained from the SAMMY fits. Resonances parameters from 200 keV onwards were taken from the JENDL-4.0 library [27] . The MACS values from kT = 5-100 keV together with their statistical and systematic uncertainties are listed in Table III,  and Table IV details the individual uncertainties for three typical values of kT . Systematic uncertainties include the pulse height weighting technique, the normalization, and the neutron flux. The impact of the two different fits for the 4.6-keV resonance according to the different multiple scattering corrections was included as separate systematic uncertainty (called "MS at E R = 4.6 keV" in Table IV) . To investigate the effect of missing levels on the MACS values an average cross section was calculated from our data in the energy range from 81 to 200 keV, using simulated self-shielding and multiple scattering corrections. These corrections were obtained by means of Monte Carlo simulations taking into account the sample geometry and neutron capture and scattering cross sections. The MACS values of this approach were between 3% and 7% higher in the range kT = 40-100 keV than the results calculated from resonance data only. We included this difference as additional systematic uncertainty in Table IV (missing levels).
A comparison of our results to previous measurements and evaluations is shown in Fig. 6 . For kT < 30 keV, the n_TOF data are in agreement with the results of Alpizar-Vicente et al. [19] . At 25 keV and 30 keV, our MACS is in excellent agreement with activation measurements of Nassar et al. [20] and Dillmann et al. [22] , while being significantly lower than a previous time-of-flight measurement by Tomyo et al. [18] . Towards higher kT values, our data start to deviate from the results of Alpizar-Vicente et al. [19] , being systematically lower up to a factor of 1.8. As investigated by Monte Carlo simulations, missing levels because of high background at high neutron energies cannot account for that difference. For kT > 50, our data are in fair agreement with MACS calculated using resonance parameters of the JENDL-4.0 evaluation [27] , which is mainly based on a measurement by Beer and Spencer [17] .
V. RESULTS FOR
63 Ni(n,γ )
The resonance analysis for the 63 Ni(n,γ ) reaction was already described and published in Ref. [15] . In this section, [19] , Nassar et al. [20] , Dillmann et al. [22] , and Tomyo et al. [18] ). The results obtained with data from the JENDL-4.0 evaluation (dashed line, [27] ) and the recommended MACS values of the KADONIS compilation (solid line, [51] ) are included as well. 63 Ni sample. Background from reactions on oxygen is negligible, because of the low reaction cross section. The average cross section was calculated using the thin target approximation,
where n is the areal density of the sample and Y c the neutron capture yield. As for 62 Ni, systematic uncertainties are coming from the pulse height weighting technique (2%), the neutron flux (2%-5%), and the normalization (1%). Additionally, the 62 Ni: 63 Ni ratio in the sample contributed an uncertainty of 2%. The background subtraction from reactions on 62 Ni in the sample introduces the largest systematic uncertainty, which we estimated as 15% based on different ways to treat the background at 62 Ni resonances. Assuming a high multiple scattering correction of 5%, the total systematic uncertainty of this measurement amounts to 17%. The cross sections from 10 to 270 keV, along with statistical uncertainties, are listed in Table V . MACS values and the implications of the 63 Ni cross section for stellar nucleosynthesis were published in [15] .
VI. ASTROPHYSICAL IMPLICATIONS
In addition to the cross sections of the target nuclei in their ground states, as measured here, reactions on thermally excited states have to be considered in the determination of stellar reaction rates to be used in astrophysical models. For 62 Ni(n,γ ), the population of excited states is negligible across the full energy range of s-process temperatures. Thus, the measured laboratory cross sections directly allow one to derive the stellar rates. Because of the higher nuclear level density [15] . This distribution is compared to the results using the recommended MACS of 62 Ni and 63 Ni of the KADONIS compilation [51] . As a reference, the overabundance of 16 O is shown as a black continuous line, divided and multiplied by 2 (black dashed lines). (Bottom) Ratio between the abundances using the new cross sections and the abundances using KADONIS cross sections. of 63 Ni, only a fraction of the stellar rate can be constrained by a measurement of 63 Ni(n,γ ) cross sections and theoretical corrections have to be applied as described in [15] .
The impact of our new results on 62 Ni(n,γ ) and 63 Ni(n,γ ) on the weak s process in massive stars was investigated for a full stellar model for a 25 M star with an initial metal content of Z = 0.02 [52] . The complete nucleosynthesis was followed with the postprocessing NuGrid code MPPNP [53] . Figure 7 shows the s-process abundance distribution in the mass region from Fe to Ga after the convective core He and the convective C shell burning phase. Although the solar system s-process abundances in the Ni-Cu-Zn region may be partially affected by the following core-collapse supernova event (e.g., [13, 54] ), the pre-explosive s-process distribution is relevant as it serves as seed for the later explosive nucleosynthesis. 65 Cu is reduced after C shell burning. These results will allow one to better define the following explosive contribution to the copper inventory of the solar system.
VII. SUMMARY
We measured the cross sections of the 62 Ni(n,γ ) and 63 Ni(n,γ ) reactions at the neutron time-of-flight facility n_TOF at CERN.
For 62 Ni(n,γ ), the resonance analysis was performed up to 200 keV neutron energy. In total, 42 levels could be identified, of which 12 were not seen in previous experiments. The Maxwellian averaged cross sections, calculated from resonance parameters is in good agreement with previous measurements for kT values up to 50 keV. At higher energies our results are systematically lower than the data by Alpizar-Vicente et al. [19] , but in good agreement with the evaluations in the data libraries JENDL [27] and ENDF/B-VII [26] , which are mainly based on a measurement by Beer and Spencer [17] . Our MACS at 100 keV is also a factor of 1.6 lower than the currently recommended value of the KADONIS compilation.
For the 63 Ni(n,γ ) reaction, the neutron resonance analysis together with the stellar cross sections are published elsewhere [15] . We determined averaged cross sections between 10 and 270 keV with systematic uncertainties of 17%.
The impact of the new stellar (n,γ ) cross sections of 62 Ni and 63 Ni was studied with a stellar model for a 25 M star with Z = 0.02. We find significant changes in the s abundances of 62 Ni (+20%) and 63 Cu (−40%), whereas the changes for heavier s-process isotopes are less than 2%. These results are particularly important to understand the solar system abundances of Cu, which is dominantly produced in massive stars. 
